Introduction
Sphingosine kinase catalyses the formation of sphingosine 1-phosphate (S1P), a lipid mediator that acts in mammalian cells as an intracellular second messenger, as well as a ligand for cell-surface receptors (1) (2) (3) . Intracellular S1P levels increase upon activation of sphingosine kinase (4, 5) and impact on a diverse range of important regulatory pathways, including the promotion of cell proliferation and inhibition of apoptosis (6, 7) . Some specific effects of intracellular S1P include mobilisation of intracellular calcium, activation of ERK1/2 and phospholipase D, stimulation of DNA binding activity of NF-κB and AP-1, and inhibition of JNK and caspases (reviewed in Refs 3 and 8) . S1P is also an obligatory signalling intermediate in adhesion molecule expression of vascular endothelial cells (9) , indicating a role for this lipid in the inflammatory response.
Despite the importance of sphingosine kinase, very little is known regarding this enzyme's structure or mechanisms of catalysis and activation. We have recently cloned human sphingosine kinase 1 (hSK1) (10) . A number of other sphingosine kinases from various sources have also been identified (11) (12) (13) (14) (15) . Sequence analysis has shown that sphingosine kinases represent a distinct family of enzymes that share no overall sequence similarity to any other known proteins, or well characterised catalytic or regulatory domains (10, 12, 13, 16, 17) .
The sphingosine kinases do, however, have sequence similarity to the putative catalytic domain of diacylglycerol kinases, with hSK1 possessing 17 of the 24 very highly conserved amino acids of this domain (5) (Fig 1A) . The identification of this domain as a catalytic site in diacylglycerol kinases, however, is based largely on sequence conservation and limited truncation mutagenesis rather than any strong structural or biochemical information (21, 22) . Thus, very little is known of the essential substrate binding and catalytic residues of the sphingosine kinases. We have previously reported the generation of a catalytically inactive mutant of hSK1 through a single point mutation in a highly conserved glycine residue (5) . While mutation of the comparable glycine in diacylglycerol kinases also ablates catalytic activity (22) (23) (24) (25) , the role this residue serves in catalysis has not been established. Recent sequence analysis has indicated some weak structural similarity may exist in this region between the sphingosine kinases, diacylglycerol kinases and part of the nucleotide binding site of 6-phosphofructokinase (PFK) (26) . This may suggest this region is involved in nucleotide binding in sphingosine kinases and by guest on http://www.jbc.org/ Downloaded from diacylglycerol kinases, although this has not been experimentally established. We have also recently shown that a further highly conserved glycine residue in hSK1, Gly 113 , may also be important in catalysis since mutation of this residue to alanine increases the catalytic efficiency of the enzyme, while mutation to aspartate is deleterious to catalytic activity (27) .
Here we have begun to examine the substrate binding sites of sphingosine kinase in the hope of better understanding the catalytic mechanism of the enzyme. We have identified key residues in the nucleotide-binding site in hSK1 through the use of site-directed mutagenesis and affinity labelling with the ATP analogue 5'-p-fluorosulphonylbenzoyladenosine (FSBA).
Experimental Procedures
Materials − D-erythro-Sphingosine was purchased from Biomol Research Laboratories Inc.
(Plymouth Meeting, PA). ATP, GTP, FSBA and 8-azidoadenosine 5'-triphosphate (8-N 3 ATP) were from Sigma. [γ 32 P]ATP and [γ 32 P]GTP were purchased from Geneworks (Adelaide, Australia), and sequencing grade modified trypsin from Promega (Annandale, Australia).
Construction of hSK1 mutants − hSK1 cDNA (Genbank accession number AF200328) was FLAG epitope tagged at the 3' end and subcloned into pALTER site-directed mutagenesis vector (Promega Corp., Annandale, Australia), as previously described (5 Western Blotting − SDS-PAGE was performed on cell lysates using 12% acrylamide gels.
Proteins were blotted to nitrocellulose and the membranes blocked overnight at 4 °C in PBS containing . The reaction was then stopped by the addition of 1 mM dithiothreitol. For analysis of the FSBA labelling of the whole hSK1 protein, this mixture was then acidified with acetic acid, purified on a
Macrosphere C8 column (Alltech) using a linear (0 to 70%) acetonitrile gradient with 0.1% trifluoroacetic acid, and then analysed by mass specrometry. FSBA labelling for peptide analysis was carried out in the same manner, except that after termination of the FSBA labelling step by the addition of dithiothreitol, 0.05% (w/v) SDS was added, and the mixture then heated at 100 °C for 6 min. This step proved essential for obtaining adequate yields of the labelled peptide. After cooling, 100 ng of trypsin was added, and the mixture incubated at 37 °C for 16 h with shaking. A further 100 ng of trypsin was then added and the mixture again incubated at 37 °C for 6 h. Dithiothreitol (0.2 mM), solid urea to a final concentration of 8 M, and 1 M guanidine hydrochloride were then added to the tryptic peptides. Insoluble material was removed by centrifugation (10000 × g, 5 min), and the supernatant acidified with acetic acid. The peptides were then separated on a Macrosphere C8 column (Alltech) using an acetonitrile gradient (0 to 55%) with 0.1% trifluoroacetic acid, and analysed by mass specrometry.
Mass spectrometry − Whole-protein analysis and preliminary peptide analyses were performed on a PE/Sciex API-100 electrospray-ionization mass spectrometer (PE Biosystems, Melbourne, Australia) operating in positive-ion mode. Spectra of the proteins' ion series were converted to a true-mass scale using the instrument's software. Data files corresponding to peptide maps of hSK1 were interrogated by Sherpa software (Univ. Washington) for the presence of ions corresponding to FSBA-derivatised peptides. The derivatised adenosylbenzoylsulphonyl-peptides were further characterized using an electrospray-ionization quadrupole/time-of-flight mass spectrometer (Q-TOF2, Micromass, Manchester, U.K.). The ion-series spectra for the analysed peptides were converted to a true-mass scale using the instrument's software.
Results
Deletion mutagenesis of hSK1 − In an attempt to more clearly define the essential domains required for catalysis and regulation of hSK1 we generated and analysed a series of deletion mutants of this protein. Sequence alignments of the sphingosine kinase 1 and 2 isoforms from human (10, 13), mouse (12, 13) and rat (15), together with sphingosine kinases from Saccharomyces cerevisiae (11), Arabidopsis thaliana (14) , and putative sphingosine kinases from Schizosaccharomyces pombe and Caenorhabditis elegans have indicated five highly conserved regions within these proteins (10, 12, 13) . These conserved regions span residues 17-36, 72-96, 107-119, 165-198 and 338-344 of hSK1. Therefore, we generated deletion mutants of hSK1 where these five highly conserved regions were individually removed (hSK1
∆17-

36
, hSK1
∆72-96
, hSK1 ∆107-119 , hSK1 ∆165-198 and hSK1 ∆338-344 ). In addition we generated and analysed two truncation hSK1 mutants lacking the C-terminal 41 and 17 amino acids of this protein (hSK1 ∆344-384 and hSK1 ∆368-384 , respectively).
These hSK1 mutants were expressed in HEK293T cells and the cell lysates assayed for sphingosine kinase activity. Overexpression of wild type hSK1 routinely results in an elevation of sphingosine kinase activity in cell extracts of 1000-fold over extracts of cells transfected with a control plasmid. While protein expression levels of the hSK1 mutants with internal deletions were similar to that of the wild type hSK1 (Fig 2) , in no case did the extracts derived from mutant transfected cells exhibit sphingosine kinase activity greater than that of the endogenous levels present in HEK293T cells (data not shown). To assess the effect of these mutations on gross folding of hSK1 we exploited the known interaction of hSK1 with calmodulin (10, 26) . We have previously observed that this binding is sensitive to the folded state of hSK1 (10) . This is demonstrated, for example, by the observation that when expressed in E. coli, only catalytically active, but not inactive recombinant hSK1 is bound by immobilized calmodulin (10) . This analysis showed that, unlike wild type hSK1, these hSK1 mutants could not bind specifically to calmodulin-sepharose (Fig 2) . Since the mutagenesis did not alter any of the putative calmodulin binding motifs in hSK1 this suggests that all of these mutations yielded misfolded hSK1 protein. Therefore, the lack of catalytic activity in these mutants probably reflects their inability to fold correctly, rather than necessarily indicating that the deleted regions are required for catalysis. Similar lack of activity was also observed for the hSK1 ∆344-384 truncation mutant lacking the C-terminal 41 amino acids (data not shown).
The protein expression level of this mutant was comparable to wild type hSK1, but again, the lack of calmodulin binding suggested that this truncation yielded misfolded hSK1 protein (Fig 2) . In contrast, the hSK1 ∆368-384 truncation mutant lacking the C-terminal 17 amino acids generated a correctly folded protein (Fig 2) that possessed unaltered catalytic activity compared to wild type hSK1 (Fig 3) .
Site-directed mutagenesis of hSK1 − Since the deletion mutagenesis approach was not helpful in defining the catalytic domain of hSK1, we undertook a more selective site-directed mutagenesis of hSK1.
Residues highly conserved between the diacylglycerol kinase putative catalytic domain and other sphingosine kinases ( Fig 1A) were selected for mutation in hSK1. Surprisingly little is known of the structure or essential catalytic residues of diacylglycerol kinases (22) . The similarity in residues 16 to 153 of hSK1 to the putative diacylglycerol kinase catalytic domain, however, provided an opportunity to define the nucleotide-binding site of hSK1 since, presumably, this similarity arises primarily from the ability of both enzymes to utilize ATP. Conserved glycines within glycine-rich regions of hSK1 were highly represented in the residues selected for mutagenesis since this is a characteristic often associated with loop regions coordinating nucleotide binding in many protein kinases (28, 29) and other ATP-and GTP-binding proteins (30, 31) (Fig 1B) . Sequence analysis has shown that there are three such conserved regions rich in glycine residues in hSK1 ( Fig 1A) . Our previous studies have already suggested at least two of these regions are important in catalysis since Asp mutations at Gly 82 and Gly 113 had deleterious effects on the catalytic activity of hSK1 (5, 27) . Thus, to extend these studies we mutated Gly 26 , Gly maximally disruptive to the short-range interactions of the glycine residues. We then also generated more conservative Gly → Ala mutations at these three residues, as well as Gly 82 , to test whether subtle changes in the structure at these sites would affect catalytic activity.
Expression of hSK1
G26D
G80D
, hSK1 G111D and wild type hSK1 in HEK293T cells, followed by
Western blotting showed that all four proteins were present in similar mass levels (Fig 3) . Importantly, calmodulin binding assays also indicated that, unlike the deletion mutants, the hSK1 point mutants were correctly folded since they bound specifically to calmodulin-sepharose (Fig 2) . Analysis of the sphingosine kinase activities of these proteins in the cell lysates, however, showed that in all cases the Gly → Asp mutations dramatically decreased the catalytic activity of these mutants (Fig 3) . In fact, hSK1 G26D and hSK1 G111D possessed less than 1.2 % of the activity of wild type hSK1, while hSK1 G80D was catalytically inactive. These results suggest that all three glycine-rich pockets may be important in the action of hSK1, and are consistent with the previously reported catalytically inactive hSK1 G82D mutant (5), and hSK1 G113D mutant which possessed less than 2 % of the activity of wild type hSK1 (27) .
To probe the role of these residues further, we examined the effect of the more conservative Gly → Ala mutations by analysing the hSK1
G26A
G80A
, hSK1 G111A mutants, as well as the hSK1 G82A mutant to complement our earlier studies (5). Again, expression of these mutants in HEK293T cells showed that all were expressed to similar mass levels, with the mutations having no apparent effect on gross folding of the proteins (Fig 2) . Although mutation of glycine to alanine is relatively subtle in terms of structure and charge, this mutation at either Gly 26 , Gly 80 , Gly 82 or Gly 111 of hSK1 had a profound effect on the catalytic activity of this enzyme. In fact, hSK1
G26A
, hSK1 G82A and hSK1 G111A possessed only 4%, 5.5% and 1.7%, respectively, of the sphingosine kinase activity of wild type hSK1 under the standard assay conditions, while hSK1 G80A was catalytically inactive (Fig 3) . Although activity of hSK1
, hSK1 G82A and hSK1 G111A was substantially reduced, there was sufficient sphingosine kinase activity above the endogenous levels to determine the substrate kinetics of these modified hSK1s. This was then performed to gain an insight into the effect of these mutations on substrate affinities (Table 1) . Substrate kinetics for both ATP and GTP were analysed since wild type hSK1 was found to be able to utilize both these nucleotides as phosphate donors, although with considerably higher K m (GTP) ( again generated a disruptive Ser → Asp mutation, and a more conservative Ser → Ala mutation. As for the glycine mutations, the disruptive Ser → Asp mutation ablated the catalytic activity of hSK1 (Fig 3) , while leaving the expression levels and apparent gross folding of the protein unaffected (Fig 2) . The more conservative alanine mutation, however, had only a minor effect on catalytic activity. Substrate kinetic analysis of the hSK1 S79A mutant also revealed only a minor increase (1.5-fold) in the K m (ATP) compared to wild type hSK1 ( Table 1 ). The effect on GTP utilization, however, was more marked. The proposed to be involved in nucleotide binding due to the concentration of positive charge (12, 14, 16, 17, 32) . Therefore, we generated alanine mutants at these residues to test this hypothesis. Expression of the hSK1 K27A and hSK1 K29A mutants in HEK293T cells, however, revealed that these mutations had only minor effects on catalytic activity. hSK1 K27A and hSK1 K29A possessed 60% and 85%, respectively, of the catalytic activity of wild type hSK1 (Fig 3) , and also had comparable substrate kinetics for ATP and sphingosine as wild type hSK1 (Table 1) . Therefore, Lys 27 and Lys 29 do not appear to have a major role in catalysis in hSK1.
Lys 103 resides 21 residues C-terminal of the glycine-rich region around residues 79 to 82 in hSK1.
This placement is somewhat reminiscent of the nucleotide-binding loop motif of many protein kinases (GxGxxGx 14-23 K) (28, 29) . In protein kinases the glycine-rich pocket forms a flexible loop for positioning of the ATP and solvent exclusion, and the lysine is involved in anchoring of the α-or β-phosphate of this nucleotide (28) . Therefore, we generated a Lys 103 → Ala mutation in hSK1. This was expected to be maximally disruptive to the short-range interactions of the lysine since it decreased the size of the residue and removed the positive charge. We also generated the more conservative Lys 103 → Arg mutation, where the positive charge of the residue was retained, to test whether subtle changes in the structure at this site would affect catalytic activity. Expression of hSK K103A in HEK293T cells, indeed,
showed that this Lys → Ala mutation ablates catalytic activity (Fig 3) , while not affecting gross folding of the protein (Fig 2) . hSK1
K103R
, with the more conservative Lys → Arg mutation, however, displayed substantial catalytic activity. Substrate kinetic analysis of the hSK1 K103R mutant demonstrated that it possessed a V max 64% of wild type hSK1, and showed similar K m (ATP) , K m (GTP) and K m (sphingosine) values to that of the wild type enzyme ( Table 1) . (Fig 4) by over 50% under the conditions used. Importantly, this inhibition of hSK1 activity by FSBA was prevented by the presence of 10 mM ATP (Fig 4) , suggesting that FSBA was specifically acting at the nucleotide-binding site. In contrast, inhibition of hSK1 by 8- analysis showed that approximately 50% of hSK1 was labelled by FSBA (Fig 5) , consistent with the observed 50% inhibition of catalytic activity by this reagent (Fig 4) under the same conditions. Only one modification per hSK1 molecule could be detected, with this labelling being specific for the nucleotide- K103R and subsequent removal of the unreacted affinity label, we could, indeed, detect no effect of FSBA on the catalytic activity of this mutant (Fig 7) . This confirms Lys 103 as the target of FSBA modification in hSK1.
Inhibition of hSK1 activity by affinity-labelling ATP analogues
Discussion
The sphingosine kinases comprise a novel class of enzymes that show very little sequence similarity to other known proteins. With the exception of the poorly characterised diacylglycerol kinase putative catalytic domain, sphingosine kinases have no other recognisable domains or functional sequence motifs.
Although we have recently generated inactive and hyper-active sphingosine kinase mutants (5, 27) virtually nothing was known of the substrate-binding sites or essential catalytic residues in this enzyme.
In the current study we have identified in hSK1, through site-directed mutagenesis and affinity labelling with FSBA, a novel nucleotide-binding motif that differs in primary sequence from all previously identified nucleotide-binding sites.
Our initial deletion mutagenesis of hSK1 did not yield correctly folded hSK1 mutants when expressed in HEK293T cells. Since the five internal regions deleted in hSK1 are highly conserved between all known sphingosine kinases (10, 12) it is perhaps not unexpected that these regions are important to the structural integrity of the protein. More surprising, however, was that truncation of the C-terminal 41 amino acids also affected the gross folding of hSK1 since this region is considerably more divergent in sequence between the known sphingosine kinases (10) . The basis for this instability is not presently clear, but suggests that there are important structural interactions between all segments of the sequence. This is consistent with its instability in tissue extracts (10, 42) and is probably due to the hydrophobic nature of the protein which may make it prone to poor solubility and aggregation. In contrast, truncation of the C-terminal 17 amino acids, yielded a protein with unaltered catalytic activity. This is consistent with the observations that this proline-rich region appears to reside, at least in part, on the surface of the protein since it contains a demonstrated protein docking site for TRAF2 (43) , and antibodies raised against this region recognise the intact, folded protein (44).
Site-directed mutagenesis of conserved residues within the hSK1 sequence with similarity to the diacylglycerol kinase catalytic domain has provided insight into the residues critical for catalysis.
Interestingly, most of the conserved residues in this domain family are mainly centred around three highly conserved glycine-rich pockets (Fig 1A) . This suggested that one or more of these regions may be involved in nucleotide binding since glycine-rich regions are commonly involved in such a role in other enzymes (Fig 1B) . Indeed, the site-directed mutagenesis indicated that all three regions were important for catalytic activity since conservative Gly → Ala mutations in each region were deleterious to activity.
Only the region centred around Ser 79 to Gly 82 , however, appeared to be involved in nucleotide binding.
This was most clearly demonstrated by the much higher K m (ATP) and K m (GTP) of the Gly 82 → Ala mutant, and the complete abolition of catalytic activity by the Gly 80 → Ala mutation. Furthermore, the Ser 79 → Ala mutant, while having a comparable V max to wild type hSK1, has lower nucleotide affinity, particularly for GTP. In contrast, mutations in the other glycine rich regions, including Gly 113 (27) , while affecting catalytic efficiency, did not alter any measurable binding affinity for ATP.
We have also shown that Lys 27 and Lys 29 , in the first glycine-rich region in hSK1, are not involved in nucleotide binding or catalysis. This is notable since these residues have been previously proposed by several groups to comprise a likely ATP-binding site in several sphingosine kinases (12, 14, 16, 17, 32) .
Clearly, this is not the case. This conclusion is consistent with the absence of these residues in human and mouse sphingosine kinase 2 isoforms (13). Instead, we have revealed an essential role for Lys 103 in the catalytic activity of hSK1 since mutation of this residue to alanine resulted in an inactive mutant. elegans sphingosine kinase, however, an arginine appears to substitute for this lysine. Our data indicate that this may have only minor effects on catalytic activity. Surprisingly, the putative rice (Oryza sativa) sphingosine kinase does not possess a lysine or arginine in this region. Neither do some diacylglycerol kinases (22) . This suggests that although these enzymes have sequence similarity to hSK1, they must have alternative mechanisms to compensate for the lack of this positively charged residue in its proposed role of orienting the nucleotide.
Our data, combined with amino acid sequence comparison, suggest a motif of SGDGx [17] [18] [19] [20] [21] K is involved in nucleotide binding in the sphingosine kinases. While the glycines in this motif appear invariant, the serine is somewhat more variable since glycines occur in this position in a small number of sphingosine kinases ( Fig 1A) and almost all diacylglycerol kinases (22) . This, together with our finding that hSK1 activity was not substantially affected by an alanine substitution in this position may indicate that small residues are tolerated in this position.
While this motif is unique, it has some similarities to the nucleotide-binding loop of protein kinases (GxGxxGx 14-23 K) (28, 29) , with the two glycines of the sphingosine kinase motif possibly corresponding to the first two glycines of the protein kinase motif. This protein kinase glycine-rich loop is very highly conserved, with the first and second glycines essentially invariant. The third glycine is less conserved, occuring in 85% of all protein kinases, but is always a small residue (28, 29) . Notably, in the sphingosine kinases this third glycine is not present, with this position occupied by bulky residues, usually histidine ( Fig 1A) . The mammalian diacylglycerol kinases, however, do usually have a glycine in this position (22) . Although not always included in the protein kinase nucleotide binding motif, there is also an essentially invariant valine two residues C-terminal to the glycine-rich loop in protein kinases (i.e.
GxGxxGxV) (28) that is important in catalysis through its hydrophobic interactions with the adenosine base (28, 29, 49) . This residue, corresponding to Val 87 in hSK1, is also highly conserved in the sphingosine kinases and diacylglycerol kinases and provides further evidence for similarity in their nucleotide-binding binding sites to that of the protein kinases.
By analogy to the protein kinases the SGDG motif in sphingosine kinases is probably involved in forming a flexible loop between two β-strands that creates the nucleotide-binding pocket (28) . Such a conformation is consistent with our secondary structure predictions from the primary sequence of hSK1
( Fig 1A) . In protein kinases this glycine-rich loop provides the conformational flexibility to anchor and position the nucleotide, and also exclude water from the binding pocket. This latter role appears important to ensure low ATPase activity (50) . While the sphingosine kinase nucleotide-binding region is similar to that of protein kinases, it is clearly different since it lacks the third conserved glycine of the protein kinase motif. Since the glycine-rich β-sheet contacts the whole nucleotide (28) it is possible that this difference may be one reason for the different nucleotide specificity of these two enzyme classes, with hSK1 capable of utilizing both ATP and GTP as phosphate donors (Table 1) , while GTP is generally not tolerated by the protein kinases. The sphingosine kinase nucleotide-binding region is also somewhat reminiscent of the nucleotide binding loop motif of PIP kinases (GxSGSx 12 K), which can also utilize both ATP and GTP (45, 46) . Furthermore, structural elucidation of PIP kinase IIβ has, indeed, shown that its nucleotide binding loop differs slightly in conformation from that of protein kinases (45) . Interestingly, a recent study has suggested some structural similarity may exist between the SGDG region in the sphingosine kinases and a GGDG motif in PFK (26) (29) . Neither does it appear to have the equivalent motifs described in PIP kinases (46) and phosphoinositide 3-kinases (52) . Clearly further biochemical analyis and direct structural determination will be required to fully elucidate this novel catalytic site. G26D  G26A  K27A  K29A  S79D  S79A  G80D  G80A  G82A  K103A  K103R  G111D  G111A   0   20   40   60   80   100 Relative sphingosine kinase activity (% of wild type hSK1) Figure 4 Relative sphingosine kinase activity (% of control) Relative sphingosine kinase activity (% of wild type hSK1 control)
